The recent crystal structure of Orai, the pore unit of a calcium release-activated calcium (CRAC) channel, is used as the starting point for molecular dynamics and free-energy calculations designed to probe this channel's conduction properties. In free molecular dynamics simulations, cations localize preferentially at the extracellular channel entrance near the ring of Glu residues identified in the crystal structure, whereas anions localize in the basic intracellular half of the pore. To begin to understand ion permeation, the potential of mean force (PMF) was calculated for displacing a single Na + ion along the pore of the CRAC channel. The computed PMF indicates that the central hydrophobic region provides the major hindrance for ion diffusion along the permeation pathway, thereby illustrating the nonconducting nature of the crystal structure conformation. Strikingly, further PMF calculations demonstrate that the mutation V174A decreases the free energy barrier for conduction, rendering the channel effectively open. This seemingly dramatic effect of mutating a nonpolar residue for a smaller nonpolar residue in the pore hydrophobic region suggests an important role for the latter in conduction. Indeed, our computations show that even without significant channel-gating motions, a subtle change in the number of pore waters is sufficient to reshape the local electrostatic field and modulate the energetics of conduction, a result that rationalizes recent experimental findings. The present work suggests the activation mechanism for the wild-type CRAC channel is likely regulated by the number of pore waters and hence pore hydration governs the conductance.
The recent crystal structure of Orai, the pore unit of a calcium release-activated calcium (CRAC) channel, is used as the starting point for molecular dynamics and free-energy calculations designed to probe this channel's conduction properties. In free molecular dynamics simulations, cations localize preferentially at the extracellular channel entrance near the ring of Glu residues identified in the crystal structure, whereas anions localize in the basic intracellular half of the pore. To begin to understand ion permeation, the potential of mean force (PMF) was calculated for displacing a single Na + ion along the pore of the CRAC channel. The computed PMF indicates that the central hydrophobic region provides the major hindrance for ion diffusion along the permeation pathway, thereby illustrating the nonconducting nature of the crystal structure conformation. Strikingly, further PMF calculations demonstrate that the mutation V174A decreases the free energy barrier for conduction, rendering the channel effectively open. This seemingly dramatic effect of mutating a nonpolar residue for a smaller nonpolar residue in the pore hydrophobic region suggests an important role for the latter in conduction. Indeed, our computations show that even without significant channel-gating motions, a subtle change in the number of pore waters is sufficient to reshape the local electrostatic field and modulate the energetics of conduction, a result that rationalizes recent experimental findings. The present work suggests the activation mechanism for the wild-type CRAC channel is likely regulated by the number of pore waters and hence pore hydration governs the conductance.
store-operated calcium entry | computer simulation C alcium release-activated calcium (CRAC) channels in the plasma membrane are integral membrane proteins that play a central role in cellular signaling by generating the sustained influx of calcium (1) (2) (3) . Immune response in cells consists typically of a fall in Ca 2+ content within the endoplasmic reticulum (ER), followed by the opening of the store-operated CRAC channels that leads to the sustained increase in intracellular Ca 2+ concentrations (4) . Despite about two decades of research, the molecular components underlying this process of store-operated calcium entry (SOCE) have been unknown until recently, when the stromal interaction molecule (STIM) was determined to be the ER Ca 2+ sensor (5, 6 ) that activates the channel in response to the depletion of intracellular calcium store content. Later, the Orai protein was identified as the pore subunit of the channel (7-9). CRAC regulator 2A was then discovered to reinforce the binding of the two aforementioned key components at elevated Ca 2+ levels to promote the SOCE, and to inhibit the influx at low Ca 2+ levels by dissociating from the complex (10) . The newly published crystal structure of the CRAC channel pore subunit, Orai, from Drosophila melanogaster at 3.35 Å resolution, provides groundbreaking insights into a molecular architecture that is distinct from that of all of the other ion channels (11) . These new experiments hold promise to generate insights into the peculiar molecular mechanisms underlying the function of CRAC channels (12) .
The reported Orai structure consists of six subunits arranged in an approximately sixfold symmetric fashion with each subunit containing four transmembrane helices (TM1∼4) (11) . The amphiphilic TM1 α-helices constitute a functional pore-forming motif that allows the flux of ions across the membrane. The ion permeation pathway of the Orai pore has hydrophilic residues at both entrances, but the central section is hydrophobic (11) . D182 and D184 on the flexible linker connecting TM1 and TM2 form the extracellular entrance of the channel. One helical turn below this motif is the so-called Glu ring, consisting of E178s (E106 in Homo sapiens Orai1) from six subunits, which is usually regarded to form part of the selectivity filter (SF) of the channel (8, 13) . As shown in Fig. 1A , the extracellular entrance (upper part of the channel) is mostly negatively charged. The intracellular entrance (lower part), in contrast, shows a large content of positive charges. A hydrophobic section, with its side chains tightly packed, is located in between the aforementioned regions.
CRAC has a very low unitary conductance for both monovalent, ∼700 fS for Na + (14) , and divalent ions, ∼30 fS for Ca 2+ (3) . When the concentration of Ca 2+ is less than 1 μM, the CRAC channel is permeable to Na + ions in a voltage-independent fashion (14) . However, in the presence of micromolar Ca
2+
, as with its voltage-gated counterparts, CRAC channels show an extraordinarily high selectivity for Ca 2+ over monovalent ions (15) . Furthermore, the blockage of Na + current by Ca 2+ was found to be both Ca 2+ concentration- (14) and voltage-dependent (14, 16) . In Drosophila melanogaster Orai, V174 is located at a narrow constriction of the pore (11, 17, 18) ; therefore, it is potentially involved in ion conduction. Mutations of the equivalent residue in V102 from Homo sapiens Orai1 have been shown to have different effects on channel currents, depending on the size and hydrophobic character of the substituent amino acid (19) . Insertion at this position of a large side chain, either hydrophobic such as Trp, Tyr, and Phe, or hydrophilic such as Arg, Asp, and Lys, decreases or abolishes the current. Substitutions involving Significance Calcium channel dysfunction is implicated in cardiac arrhythmias and immunodeficiency disorders. The recent publication of the crystal structure of a calcium ion channel denoted CRAC has allowed us to use atomic-level computer simulation to begin to understand the mechanism of ion permeation through this ubiquitous and vital cell entry pathway. Our computations identify pore water molecules as a crucial contributor in governing the channel conductance characteristics not only of the wild-type protein but also a disease-related mutant. The present study should be helpful for research designed to improve treatment of immune diseases caused by disrupted calcium signaling. Ile, Met, or Leu, i.e., large aliphatic side chains, support STIMdependent influx only, and this behavior may have some implications for the wild-type channel gating. Mutations involving small side chains, such as Cys, Gly, and Ala, result in constitutively open channels. In particular, the V102I and V102A mutants show the largest current densities in STIM-dependent and STIM-independent fashion, respectively (19) , and V102A shows a modest conductance even in the presence of STIM (19) . Based on these findings, V102 was suggested to function as a hydrophobic gate (19) .
The recent availability of the Orai structure, together with a relatively large amount of electrophysiological data, holds promise to begin to understand the processes of ion binding and permeation. In this respect, the behavior of V174A, which is a constitutively open mutant, is of special interest because it allows the study of Orai conduction in STIM-free conditions. Importantly, the dramatic effect of a single mutation of Val into Ala highlights the notion that channel gating rests on a delicate balance of interactions involving permeant ions, pore waters, and pore-lining residues. Thus, comparing and contrasting molecular simulation results on the wild-type and the V174A mutant provides a means to probe aspects of ion permeation that potentially extend beyond the specific case of CRAC channels.
Accordingly, herein we address these issues by carrying out computational studies on closed wild-type Orai and the V174A mutant in its constitutively "open" conformation. Conduction is studied in the simplest possible scenario, i.e., when only one cation species, namely Na + , is present to avoid dealing with intricate multication competition. We followed the simulation protocols used in our previous work (20, 21) . The manuscript is organized as follows: first, the overall structures of the wild-type and the mutant protein are characterized via molecular dynamics (MD) simulations. Then the occupancy of water and ions in both proteins is described. Because spontaneous ion diffusion in the pore was not observed during the MD simulations, we carried out biased MD simulations and free-energy calculations to explore the cation permeation pathway. Finally, the contribution from the electrostatic field inside the channel pore is analyzed. Mutation is found to stabilize cations by accommodating more water molecules in the region between of the Glu ring and the hydrophobic region. The potential of mean force (PMF) for the permeation of a single Na + ion through the pore supports the notion that a more hydrated permeation pathway is able to decrease the free-energy barrier for reaching the gating region in the mutant. The strength of the local electrostatic field is seemingly the most relevant molecular property affecting the rate of cation permeation through the Orai channel.
Results
Structural Integrity. The overall C α rmsds exhibit rather similar dynamical behaviors ( (11), indicating that the relaxed membranebound structures in our simulations have only small deviations from the X-ray structure. Specifically, the fluctuations of the pore radius are always less than 0.8 Å, indicating relatively rigid pores ( Fig. S1 ), even though the local conformation along the permeation pathway is affected. Peaks in the rmsf observed for both N-and C-terminal residues are consistent with the large B-factors reported in the crystal structure (11) . In particular, the two missing loops in the crystal structure connecting TM1 and TM2, as well as TM2 and TM3, were calculated to have prominent rmsf values, which are consistent with their high flexibility.
Besides the overall structure, we also monitored the conformational changes of individual residues. The radial-axial distributions of key outer vestibular and pore-lining residues (E178, K163, etc.) in both systems share many similarities, as can be seen from Fig. 2 -e.g., the carboxyl groups on E178 in the Glu ring located at 8∼14 Å along the central pore axis, and ranged from 2 Å to ∼8 Å away from the axis in both systems. Moreover, given the thermal fluctuations in the MD simulations, subtle differences between the distributions in the two systems are considered insignificant.
Collectively, the replacement of Val174 with Ala introduces minimal structural perturbation to the pore structure in the wild type. None of the above geometrical parameters reveals any substantial differences between the two proteins, although they exhibit distinct channel conductance (19) . Thus, we focused on pore waters and ions in the two structures, seeking differences able to rationalize a change in the ion permeation rate.
Ion Binding. During the 50-ns equilibration stages of the MD simulations of the wild-type channel and its V174A mutant, under physiological salt concentration, water molecules and ions migrate into the lumen of the channel spontaneously ( Fig. 1) , producing a highly polarized distribution ( Fig. 2) with Na + ions located exclusively in the upper half of the channel, and Cl − ions in the lower half. Na + ions preferentially bind at 21 Å, 15 Å, and 11 Å on the transmembrane scale: these correspond to the positions of D182/ D184, the E178-above, and the E178-below sites, respectively. Because D182/D184 reside on the outer vestibular loop connecting TM1 and TM2, and E178 is located at the C-terminal end of TM1, we will refer to the three binding sites (BS) as the external (EBS), the central (CBS), and the internal (IBS), respectively. The minima in the density profile of Na + ions were used to define the BS boundaries. Integration over each BS region yields the averaged number of ions as 5.7/6.4 (EBS), 5.0/4.7 (CBS), and 2.8/3.0 (IBS) for the wild-type and mutant protein, respectively. The fluctuations in the number of ions in each BS are relatively low, and the positions of the boundaries vary little between the two systems.
The role of the negatively charged E178 was further explored with MD simulations. By protonating half or all of the six carboxyl groups on the E178, we found that the number of the CBS and IBS Na + ions decreases from eight in the fully charged state to three in the half-charged state, or 0 when all E178s are protonated (Fig. S2) . It is clear that the acidic side chains contribute to accumulate cations at the extracellular entrance of the channel; as a result, more cations are available for the subsequent conduction, which may explain why the E178Q in Orai and the E106Q in Orai1 were determined to be nonconducting, respectively (8, 22) .
One of the boundaries of the density of Na + ions coincides with the Glu ring; its carboxyl groups are in close contact with the CBS and IBS Na + ions (the average number of Na + within 3.2 Å of the carboxyl oxygens equals the sum of the numbers of ions from the CBS and IBS). Na + ions are partially dehydrated in the pore: the average number of protein oxygens in the first solvation shell is 3.6/3.5, compared with 2.6/2.5 water oxygens, for the wildtype and the mutant protein, respectively. In comparison, 5.1 oxygens coordinate Na + in bulk water. Recent ab initio MD simulations reported coordination numbers of 5.0∼5.5 for Na + in bulk water (23) , justifying the hydration structure of Na + calculated from the present classical MD simulations.
The distribution of water differs significantly between the wildtype channel and the mutant. Specifically, between 0 Å and 10 Å along the transmembrane axis, the average number of water molecules is ∼20 in the wild-type channel and ∼36 in the mutant. The ability of side chains to displace water molecules is the factor affecting activation. Interestingly, the mutated residue 174 falls between the IBS and the hydrophobic region. These waters are likely to stabilize cations along their conduction pathway more strongly in the mutant channel than in the wild type, presumably facilitating conduction. The idea of pore water-controlled ion conduction was also reported for the NaK channel, where the number of water molecules in the four grottos connecting the vestibule was found to be critical for ion permeation (24) .
We identified the increased hydration in the pore as a likely key factor in determining the conductance state of the mutant. To extend this result to the wild type, we further analyzed the global correlated motions involving the pore-forming helices by identifying the principal components of the atomic fluctuations. We characterized a hypothetical structural transition leading to the opening of the pore: the gate opens by a splaying of the N-terminal side of the TM1. Presumably, this motion is consistent with the gating motion of the Orai pore triggered by STIM, which was proposed to activate the Orai by binding at both the N-terminal side of the TM1 helices, and the TM4 extensions at the C-terminal side (11) . However, given the complexity of the conformational transitions involved in this process, no quantitative conclusion can be drawn before a satisfactory description of the closed-to-open transition is available. We then monitored hydration along this putative pathway. Hydration increases with the openness of the channel: the number of pore waters is ∼23 for the ensemble of structures at the end of the explored pathway, to be compared with the average value of ∼20. Thus, we have established a connection between pore hydration and channel gating in the wild-type protein.
Cl − ions are located in the basic region in the intracellular half of the pore; the two most stable positions for Cl − appear to be in the interstitial regions between R155 and K159, and between K159 and K163. The diffusion of Cl − ions into the basic region neutralizes the positively charged residues to stabilize the pore. Under physiological conditions, not only Cl − ions but also other multivalent anions, like sulfate or phosphate species, may access this region, and play some roles in channel function (11) . For each Cl − ion, two positively charged neighbors are observed in the immediate vicinity: the average number of Cl − ions in this region, −30 Å to 0 Å along the membrane normal (z axis) is ∼12 in the wild-type protein and ∼13 in the mutant, which is lower than the number of basic side chains (18 in total). Water molecules are likely to play a crucial role in screening these unbalanced charges in the basic region. A similar scenario was observed in the sodium channel NavAb (25) . Due to the excess positive charge in the basic region, electrostatic repulsion between the channel and the cation is likely to squeeze cations out of this region. Two short MD simulations, in which one Na + ion was inserted either between L167 and K163, or between K163 and K159, validated this notion (Fig. S3) . The cations moved away from their original positions spontaneously in each case in just a few nanoseconds, indicating that they experience a strong repulsion in the region of K163; this was further investigated with the free-energy calculations.
Between the two charged regions described above, a large hydrophobic region of the pore (Z from −8 Å to 8 Å) is completely inaccessible to ions during the free MD simulations. We analyzed the orientation of the dipole moments of water molecules. The distribution of the angle, θ, between the dipole of each water molecule and the pore axis is plotted in Fig. 3 A and B . In the hydrophobic region of both proteins, water molecules are preferentially oriented with their dipole moments tilted by ∼45°f rom the axis of the pore. This orientational order appears as a direct consequence of the internal field generated by the large dipole moment of the two charged regions of the protein, despite the fact that ions compensate the excess charge in both regions (Fig. 1A) . Water molecules appear more strongly aligned along the axis in the wild-type channel, whereas the local environment Fig. 2 . Shown are the distribution of waters (red), ions (blue and green), and key residues (black and orange), respectively, in the pore of both the wild-type (Upper, left to right) and the mutant (Lower). Note the higher density of water (Left) in the range from 0 Å to ∼10 Å, due to the substitution V174A in the mutant. Overall, the positions of ions and key residues in the two systems are quite similar, indicating relatively small conformational changes after structural relaxation. The histograms were taken from MD trajectories and include all of the species within 10 Å of the pore axis.
is less confined in the mutant; this suggests that waters in the mutant channel have higher rotational freedom, and could more easily stabilize ions crossing the hydrophobic region. The distribution of the dipole moment (Fig. 3 C-E ) of pore waters along the membrane normal reveals that the effects of the mutation extend over the entire hydrophobic region, ranging from residues 174 to 163. Thus, the increased water occupancy at the extracellular side of the hydrophobic region profoundly affects the electrostatic at K163 and beyond in the basic region at the intracellular side.
During the MD simulations of both wild-type Orai and the V174A mutant, we did not observe free diffusion of ions through the pore. Although experimentally, the V174A mutant or its human equivalent V102A was shown to be constitutively conductive without activation by STIM (11, 19) , the low (∼700 fS) unitary conductance for Na + (14) likely prevents observation of ion conduction events below the microsecond time-scale. To characterize the transient binding of ions and their permeation through the pore, we calculated free-energy profiles for ion translocation.
Free Energy Along the Permeation Pathway. The crystallization conditions (in the absence of STIM) for the wild-type protein were proposed to keep the channel in the closed state. To quantify the energy penalty for a single Na + ion through the pore of the wild-type protein, we calculated the PMF of its translocation from the extracellular end to the hydrophobic region defined by residues V174, F171, and L167 (Fig. 4) . Na + ions experience a sharp increase in free energy at the hydrophobic region of the wild-type channel, which can likely be attributed to the energetic cost of moving an ion into the hydrophobic region and the increasing electrostatic repulsion with the neighboring basic region. The major free-energy barrier against Na + diffusion is ∼11 kcal/mol throughout the hydrophobic region; this value is sufficiently high to prevent spontaneous cation influx. Thus, our data strongly support the notion that the wild-type pore is in a closed conformation, and the hydrophobic region serves as the pore gate, which physically impedes ion flow, as demonstrated for other cation channels (26) .
Because the mutant conducts Na + ions even in STIM-free conditions (11, 19) , we performed PMF calculations for its pore, including the basic region of the channel. The free energy of Na + in the hydrophobic region of the mutant was significantly lower than in the wild-type protein. More importantly, a relatively broad gating region, ranging from A174 to R155, was identified. The main barrier for Na + translocation in the mutant (∼7 kcal/ mol) occurs at ∼−8 Å, which corresponds to the position of the K163 in the basic region. It will be interesting to check experimentally the role of this gating site obtained from our in silico prediction for the V174A mutant.
The favorable ion permeation pathway in the mutant could be attributed to the accommodation of additional waters between the Glu ring and the hydrophobic section to stabilize the cations Fig. 3 . Correlations between the water dipole moment and its position along the membrane normal, Z (Å) in (A) the wild-type (wt) and (B) the mutant (mt) channels. The orientation of waters is asymmetric in the hydrophobic section. The concerted water dipole is stronger in the wt than in the mt, suggesting that water in the mt has freedom to reorient, thus facilitating the transport of ions through the channel. The histograms were taken from MD trajectories and include all of the waters within 10 Å of the pore axis. (C) Averaged water dipole along the membrane normal. (D) Averaged number of waters in the pore. (E) Projected water dipole along the pore axis. Fig. 4 . Shown are free-energy profiles for Na + permeation through both the wild-type channel (red) and the mutant (blue). The free energy calculated without and with the external field corrections are drawn in solid and dashed lines, respectively. In both cases, the mutant has a more favorable permeation pathway than the wild type. The free-energy profile of the mutant indicates a relatively broad gating region, ranging from A174 to R155. (Inset) Membrane potential of the two systems. The passage of Na + in the mutant was found to experience a lower barrier due to the intrinsic field from the protein, which is consistent with the free-energy profiles. Two representative snapshots show the major well (Lower Left) and barrier (Lower Right) experienced by the Na + ion along the permeation pathway in the mutant. Color coding is the same as in Fig. 1 , except for the Na + driven to move, which is shown in magenta. For visual clarity, only four of the six TM1 helices are shown. there (Fig. 2) . Cations passing through this hydrophobic lumen are required to be partially dehydrated. A more hydrated cation will experience less energetic penalty when crossing the hydrophobic region. In the MD simulations, the average number of waters in the hydrophobic section (−5 Å to 5 Å) is ∼20 and 22-23 in the wild type and the mutant, respectively. The hydrophobic section in the mutant precisely fits the requirement to contain more water, and thus provides a more favorable permeation pathway than the wild-type protein.
Interestingly, substitution of Val with Ala at site 174 does not involve the change of charge state; however, it not only destabilizes the channel gate at V174 by accommodating more waters, but also affects the hydrophobic region and the following basic region by lowering the barrier height. Once Na + surmounting the K163 barrier, the free-energy profile decreases in a step-like way in the basic region in the mutant, which could be attributed to the gradually widening pore size at the subsequent K159 and R155 residues. Given the much wider pore size below the basic region, Na + could travel unimpeded until reaching the cytosolic region, which has already been validated by the aforementioned MD simulations (Fig. S3) . Thus, K163 serves as a critical residue along the permeation pathway. In the K163W mutant crystal structure (11), the tight packing of indole rings at this position further hinders the cation permeation pathway, which thus presents a nonconductive state. However, mutation of R91 in Orai1, a residue equivalent to K163 in Orai, with smaller side chain residues such as Ala, Gly or Cys; charge-conserving residue Lys; or charge-reversing residue Asp, all show regular activation behavior by the Ca 2+ level when it coexpressed with STIM1 (27) .
Voltage Profile Along the Permeation Pathway. So far, our analysis has focused on the transport of Na + across the Orai channel without an applied electric field across the membrane. It seems that an intrinsic property of the protein determines the ion permeation in the mutant, because the mutation neither changes charge state nor brings notable conformational change, but does alter the conductance state. Thus, we further calculated the intrinsic voltage profile of the two systems. As shown in Fig. 4 Inset, given the identical potential of bulk water at both sides of the channel, the mutant was found to have a lower potential at the center of channel; this clearly shows that the mutation has profound influence in modulating the electrostatic field of the channel to facilitate ion transport.
The external field is likely to further tune Na + permeation in the mutant. Accordingly, we analyzed conduction when the channel is subjected to a voltage difference, V, across the membrane. The voltage-corrected PMF for permeation is G(q, Z, V) = G(q, Z, 0) + ΔG(q, Z, V), where the chemical free-energy of the permeant ion is G(q, Z, 0) at axial position Z, and ΔG(q, Z, V) is its excess free energy due to an applied voltage (Fig. S4) .
Overall, the voltage-corrected PMF (Fig. 4) for Na + with a transmembrane voltage indicates that ion permeation through the channel is affected by the external potential; the free-energy barriers in both systems are lowered to the same order of magnitude with the presence of the hyperpolarized potential. The computed PMFs show resolved peaks at −8 Å, a feature that is preserved when the potential is −100 mV, which is the threshold for physiological measurements.
Discussion
Ion Binding. The ions in the pore were expected to decrease the electrostatic repulsions between different subunits, and help to maintain the protein structural integrity. Experimentally, the CBS was recognized by the strong anomalous diffraction signal above the Glu ring from the X-ray structure (11) . The IBS and EBS, however, were not specifically identified. Our MD simulations confirm the CBS, and further identify the EBS and IBS.
Between the latter two sites, the IBS was proposed to be potentially important for transient occupation of cations during permeation (11) by bridging the hydrophobic section and the Glu ring. Strikingly, conservative mutation of a residue (V174) away from the channel gate switches the pore conductance state from closed to constitutively open in the mutant (11, 19) . This mutation has two effects: it increases cation binding affinity to the IBS by providing hydration from the hydrophobic side, and it influences the orientation of pore waters, attenuates the gate, and enables cation permeation. Interestingly, in Fig. 4 , the ∼100-fold difference in the Boltzmann factor for Na + at ∼11 Å reflects the notable energy difference experienced by the ion at IBS. More importantly, functional studies show the change of ion selectivity in the V102A mutant (19) . The different degree of hydration nearby the IBS should account for this change. With respect to the second consequence of the mutation, the gently sloping freeenergy profile shows that the propagation from the mutation at position 174 to the basic region is achieved by destabilizing the channel gate at this position, and by affecting the rest of the hydrophobic and basic regions by lowering the barrier height.
With regard to the EBS, the negatively charged D110/D112 in Orai1 (equivalent to D182/D184 in Orai) were suggested as important for the channel selectivity (18, 22) , even though single cysteine mutation at these residues did not show significant regulation of the ion selectivity (18) . Charged residues nearby the pore entrance may have a functional role in modulating the ion accessibility into and permeation through the channel, and the inward rectification (28) . In the present systems, the binding of cations at EBS, located at the extracellular channel mouth, help to recruit Na + for subsequent binding at the Glu ring. The ternary binding mode is seemingly a characteristic unique to the CRAC channel. Previously, we identified two highly occupied binding sites for Na + in the SF of a voltage-gated Na + channel (29) . Similarly, the KcsA channel was proposed to have both high-and low-affinity binding sites for K + (30). The ion distribution profiles (Fig. 2) reveal the location and population of ions in the lumen. Nevertheless, given the similar size but different charge, binding affinities of Na + and Ca 2+ in the channel could be different. Support for this idea comes from the distinct inhibition of Na + current in the Orai1 channel by La
3+
and Ca
2+
; binding of La 3+ was found to be more sensitive to those mutations at the loop connecting the TM1 and TM2 at the outer mouth of the pore, and its blockage of Na + current is voltageindependent (18) . In contrast, the inhibition of Na + current by Ca 2+ is highly voltage-dependent, indicating preferred binding at the SF in the deep pore (16) .
Electrostatic Field. Electrostatic regulation of channels is appreciated in both biology and the field of functional materials. Aquaporin, the highly selective water channel, which is impermeable to protons (31) , is one example. Different models have been proposed to interpret the barrier for proton flux (32-34), among which, electrostatics is critical in modulating the freeenergy profile. It has been further demonstrated that different aquaporin and aquaglyceroporin (allows the diffusion of glycerol and other small solutes in addition to water) channels have unique electrostatic field profiles, which are tightly associated with the physiological selectivity (35) . Most of the strong modulation comes from substitution of charged residues with neutral ones, whereas modulation from mutation between hydrophobic residues is less common (36) . Another example comes from nanotube-based channels, in which the orientation and occupancy of water were found to be affected by the external electric field (37). It was further reported that a designed carbon nanopore, which mimics the biological water channel, shows an on/off gating behavior controlled by a single external charge (38) .
Here we disclose that a subtle change in the protein electrostatic field, which increases the number of confined waters and tunes their orientation along the permeation pathway, is the determinant in controlling the channel conductance. Quantitatively, our permeation free energy from atomistic MD simulations and the voltage profile from continuum calculations show remarkable agreement. These results combined strongly suggest that our V174A model represents a functionally relevant structure, and that the electrostatic field of the protein is the determinant for the ion conduction. Moreover, this simple and elegant electrostatic control mechanism has been used to integrate a diverse set of experimental observations in a consistent framework.
Conclusion
Our computational study has fully characterized the binding of Na + and Cl − in both wild-type and V174A mutant of the CRAC channel at the atomic level, and thereby identified the structural elements involved in ion permeation. The ternary binding mode of Na + in the extracellular part of the channel has been identified in both systems, whereas Cl − anions are exclusively located in the basic region at the intracellular end. The functional role of the V174A mutation has been elucidated: compared with the wild type, the mutant provides a more favorable cation permeation pathway by accommodating more pore waters between the Glu ring and the hydrophobic gate, thus modulating the local electrostatic field of the permeation pathway. Regulation of channel conductance with subtle tuning of the local environment but without introducing additional charge is a unique observation, which may have strong implications for both biological systems and the field of functional materials.
Nevertheless, key issues remain to be explored, e.g., it is yet to be established that our pore water-regulated model represents the general mechanism for CRAC channel activation. In addition, in the wild-type channel the calcium sensor in the endoplasmic reticulum, STIM, upon store depletion, triggers gating. Even though some functional motifs have been identified to be critical for the formation of the Orai-STIM complex (39) (40) (41) (42) (43) (44) (45) , it is unclear how STIM specifically functions to activate the pore. Moreover, the delicate balance of cooperative contributions from the internal and the external factors has yet to be rationalized. These intriguing topics are reserved for future studies.
